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This work focuses on the use of easy-to-apply procedures that allow 
rapid visualization of components of water supply systems (WSSs) by 
non-highly qualified personnel. We use a methodology that does not 
alter the conditions and characteristics of the environment (non-
destructive methods), specifically the study of images obtained with 
ground penetrating radar (GPR). The study is based on the analysis 
and interpretation of the wave amplitude, then applying a series of 
image corrections, so that the display and handling of data is 
improved. The results are promising as a subjective and repeatable 
methodology to visualize buried pipes efficiently. The goal is to 
generate know-how to be able to train intelligent systems for the 
characterization of components of WSSs. 
 
 
Introduction 
 
Currently, technology inclusion into civil engineering fields, such as water 
supply systems (WSSs), is a challenge for researchers and utility managers. 
Data obtained after the incorporation of certain technologies should improve 
decision-making processes about the actions to propose for the assets of those 
systems. In this sense, non-destructive methods have shown to be interesting 
techniques that support network components assessment without affecting the 
surrounding environmental conditions. However, the huge size and the 
difficulty of interpretation of the obtained information, together with 
continuous network growth (population increase), maintenance activities, etc., 
greatly impair the power of these tools. These aspects constitute the main 
reasons for some technologies not to have been included efficiently in WSS 
management so far. In this paper, ground penetrating radar (GPR) is used as a 
non-destructive method to assess the components of WSSs. GPR selection is 
here considered due to its characteristics as a non-destructive method, which 
allows to discover layouts and features in both metallic and non-metallic pipes. 
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GPR has also important applications in discovering other WSS characteristics 
such as leaks [Crocco et al., 2010]. The aim is the detection of various pipe 
materials (such as plastic and metallic, among others), and the identification of 
some important characteristics (e.g. water leakage). 
Several authors have addressed GPR image preprocessing, trying to 
improve visualization of buried objects. This process is performed in order to 
clean the noise of GPR images. This noise can be originated by the process 
itself, or by external signals embedded in the underground material gathered on 
the signal path. The aim is better visualization of the contrasting images and 
observing features of the objects under the ground. This is the way in which 
image preprocessing in WSSs is performed by the application of procedures 
adapted from other methodologies. This is the case of the application of 
background removal and migration, used by [Olhoeft, 2000] for cleaning GPR 
images to find metallic pipes. Works such as the one by [Simi et al., 2008] use 
the Hough transform in pattern recognition of the hyperbolas formed in GPR 
images. There also are works regarding leakage as the one by [Tavera, 2008], 
in which Hilbert and Fourier transforms are employed. Other works, based on 
intelligent systems for automatic pipe detection by GPR images use neural 
networks [Al-Nuaimy et al., 2000], support vector machines [Pasolli et al., 
2008], fuzzy logic [Ciu et al., 2010], or multi-agent methodologies [Ayala-
Cabrera et al., 2011], among others. 
This work focuses on improving the visualization of WSS components into 
images captured using GPR. This seeks to encourage direct identification of 
these components in GPR images by personnel non-highly skillful in the 
interpretation of data obtained from non-destructive techniques, and to promote 
the design of automatic detection algorithms. This last aspect enables, for 
example, the integration of augmented reality techniques into the systems, 
which will support decision-making activities (regarding maintenance and 
rehabilitation, among others). This will represent a step forward in pursuance 
of the concept of the so-called Smart City approach, which includes 
autonomous management of WSSs, thus jointly benefiting utilities and citizens.  
 
 
Proposed Methodology 
 
In previous work [Ayala-Cabrera et al., 2014.a], we have demonstrated the 
feasibility of obtaining various forms from GPR images beyond the classical 
hyperbolas. These forms reflect the response of the waves emitted by different 
buried objects. They also contain information of the electromagnetic 
characteristics of the observed object, and its relationship to the 
electromagnetic properties of the surrounding environment. Additionally, we 
have observed that these forms can be fed into various processes, such as 
augmented reality [Ayala-Cabrera et al., 2013.c, 2013.d]. Such visualizations 
are intended to assist in water supply systems, both in operational and decision-
making activities. 
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Also, in other studies, we have shown that it is feasible to obtain other 
forms of events from GPR images. This is the case of water leaks [Ayala-
Cabrera et al., 2013.b], and even the detailed study of their evolution [Ayala-
Cabrera et al., 2014.b]. This aspect is crucial for leak detection in WSS and for 
understanding the phenomenon. 
In this work, we intend to move forward towards an improved 
visualization of WSS components from GPR images. To this end, as a starting 
point, we propose using the timeline matrices obtained by the algorithm 
presented in [Ayala-Cabrera et al., 2013.a]. In this paper we propose a suitable 
correction of those timelines. With this correction, picture profiles, which are 
understandable by non-highly qualified personnel in the interpretation of 
images obtained with GPR, are obtained. The components of the proposed 
system are presented below. 
 
Brief Introduction of the Pre-Processing Algorithm 
The analysis carried out in this section is based on intensity differences 
demarcated by the wave amplitude generated in the images after the passage of 
the signal through various subsurface strata. The analysis we present in this 
section is based on time characteristics. In this analysis, the peaks (both 
maxima and minima) of the waves generated are extracted. The trend of the 
path of each trace and the average value of peak-to-peak time are studied. The 
basic principle assumes that the field is homogeneous, and thus, there should 
be a clear correspondence between the various peaks obtained. However, it 
should be noted that although the material is homogeneous, in practice, the 
measured values are different, even though very close together. Consequently, 
very different values demarcate anomalies in the image. These peaks are first 
extracted and numbered according to their occurrence in the trace. They are 
then placed in their respective positions in distance, and finally, the last value 
is used to fill an array of a certain size. 
The pre-processing of GPR images used in this document was proposed in 
[Ayala-Cabrera et al., 2013.a] and was termed an agent race. The algorithm is 
developed in MatLab, is based on game theory and uses the multi-agent 
paradigm [Shoham et al., 2009]. Agent racing provides an interpretation and a 
grouping method for data from GPR radargrams. In this pre-process, we reduce 
the amount of data in the initial radargram, while preserving its initial 
properties and the most relevant data, so that its ability to identify buried 
objects through suitable visualizations is preserved. The multi-agent approach 
makes analysis much quicker. The input to this algorithm is the resulting 
radargram of the GPR prospection, which consists of an m×n-sized matrix. The 
n-traces, of length m, that are generated are used in this work as parallel tracks 
for the n-agents to run. The race is an endurance test for the agents with a prize 
consisting in advancing one position depending on the effort made. Efforts are 
based on wave amplitude values in each column of the matrix (radargram). The 
race lasts a total time of t = m. The movements of an agent in t are conditioned 
by the changing trend of the wave amplitude of the trace the agent runs. The 
race ends when time t has elapsed. The winner is the agent who manages to 
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obtain more movements (higher reward) during this time. The output of this 
process is a matrix, that we call B, of size m1×n, where m1 = the maximum 
number of movements. The columns of this matrix describe the movement of 
the agents in relation to the competition. In this work, the various movements 
developed by the agents are termed timelines. Figure 1 summarizes the GPR 
image preprocessing principles of the proposed system. 
 
Figure 1. Principles of the GPR Image Pre-Processing Proposed. (a) Raw 
Image, (b) Trace, (c) Trace in Absolute Wave Amplitude Value, (d) Time 
Selection, and (e) Timeline Matrix; B Matrix. Source [Ayala-Cabrera et al., 
2013.b] 
 
 
Timeline Corrections and Regrouping of Interest Objects 
Let’s consider B the matrix with the timelines as columns. Since B is an 
m1×n matrix, its elements are of the form bi,j with I = {1,2,…,m1} and j = 
{1,2,…,n}. The additional process proposed in this paper is described next. It is 
intended to obtain a reorganization of this matrix that allows clearer and more 
interpretable visualization of the images. The first part of this process suitably 
corrects the timelines obtained. The initial expression is: 
  
𝑑𝑡𝑖,𝑗 =   𝑎𝑏𝑠 𝑏𝑖+1,𝑗 − 𝑏𝑖,𝑗   > 𝑡ℎ𝑟 ∙ 𝑏𝑖+1,𝑗  
 
,      (1) 
 
where thr is a threshold value determined by the user, which will serve to bring 
together the timelines. With this process, consecutive points at a distance lower 
than the elected thr are eliminated. 
In the next step time non-zero values are taken up on their columns, thus 
letting the zero values drop. The pseudo code for this approach is presented in 
Table 1. 
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Table 1. Pseudo Code – Time Correction in the Timeline Matrix 
  
for 𝑖𝑖 = 1:𝑚1− 1 
    If 𝑑𝑡𝑖𝑖 ,𝑗 > 0 or 𝑖𝑖 = 1 
            𝑑𝑡𝑖𝑖 ,𝑗 = 𝑑𝑡𝑖𝑖 ,𝑗  
    else 
            
 
 
 
 
 
𝑑𝑡𝑖𝑖 ,𝑗
𝑑𝑡𝑖𝑖+1,𝑗
⋮
𝑑𝑡𝑚1−1,𝑗
𝑑𝑡𝑚1,𝑗  
 
 
 
 
=
 
 
 
 
 
𝑑𝑡𝑖𝑖+1,𝑗
𝑑𝑡𝑖𝑖+2,𝑗
⋮
𝑑𝑡𝑚1,𝑗
0  
 
 
 
 
 
     end 
end 
 
 
 
 
Next, bottom timelines consisting just of zeroes are eliminated (see Table 
2).  
 
Table 2. Pseudo Code to Eliminate Void Rows 
 
𝑖𝑖 = 0 
while 𝑖𝑛𝑑 = 0 
    do 𝑑𝑡𝑖𝑖 ,𝑗
𝑛
𝑗=1  
    if 𝑖𝑛𝑑 > 0 
         𝑑𝑡𝑡𝑖𝑖 ,1 ,𝑑𝑡𝑡𝑖𝑖 ,2 ,… ,𝑑𝑡𝑡𝑖𝑖 ,𝑛  =  𝑑𝑡𝑖𝑖 ,1 ,𝑑𝑡𝑖𝑖 ,2 ,… ,𝑑𝑡𝑖𝑖 ,𝑛   
        𝑖𝑖 = 𝑖𝑖 + 1 
    end 
end 
 
 
 
On each timeline, times obtained in this new matrix are ordered 
decreasingly. These timelines are then normalized. As a result, entries of the 
new matrix range between 0 and 1.  
In the next step, three groups of elements are defined within the matrix 
through the application of expression: 
 
𝑑𝑡𝑡 =   𝑟𝑜𝑢𝑛𝑑  𝑑𝑡𝑡 + 1 ⊙ 2  ⨀
1
2
  
 
, (2) 
where, 
 
⊙ 
 
 is the Hadammard product. Now the elements of the matrix belong to 
the set {1.0, 1.5, 2.0}. In this work we are interested in elements equal to 2.0. 
Figure 2 shows an example of the above described process. 
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Figure 2. Example of Proposed Analysis: (a) Raw GPR Image, (b) Pre-
Processed Image – Timeline Image, (c) Ordered Timelines Image, Using thr = 
20, (d) Classification Into 3 Groups, (e) Extraction of Profiles for Group 2.0, 
and Demarcation of Areas Containing More Than 200 Pixels 
 
 
The final part of the proposed process (see Figure 2, e) is the removal of 
clusters with small amounts of pixels inside. It should be noted that, although 
this last part of the process (group removal) was performed manually, it can be 
automated, with the evaluation of shape parameters (area, perimeter, 
eccentricity, etc.) for the groups obtained. It should be noted that the shape 
parameter that prevailed in this document was the area of the obtained groups. 
 
 
Case Study – Analysis of Results 
 
This section discusses the implementation of the proposed system in the 
previous section to improve the visualization of components of WSSs from 
GPR images. The case study corresponds to GPR images of pipes of four pipe 
materials commonly used in WSSs. The pipe materials used in this work are 
polyvinyl chloride (PVC), polyethylene, asbestos-cement, and cast iron. The 
nominal diameter of the pipes used is 0.10m. GPR images were obtained by 
burying the pipes in dry soil in a test tank. Additionally, it should be mentioned 
that the asbestos-cement pipe had a lime incrustation inside. 
Two trials for each pipe, plus two additional measurements without pipe, 
were undertaken. These last two measurements were performed with the aim of 
making visible the difference between the images with and without pipe. Two 
types of antenna with center frequencies of 1500 MHz and 900 MHz, one for 
testing and another for configuration, were used. The parameters of the 
equipment correspond to 120 traces/s, 512 samples/trace and 20ns/512samples.  
The aim of the proposed system is to obtain profiles similar to the ones of 
the schemes. The performance of the proposed system in the conducted tests is 
presented in Figure 3. 
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Figure 3. (a-e) Schematic Configuration-Image Objective, (f-j) Results Using 
the GPR 1500MHz Antenna, (k-o) Results Using the 900MHz Antenna. (a, f, k) 
Reference Test – without Pipe, (b, g, l) Test with PVC Pipe, (c, h, m) Test with 
Polyethylene Pipe, (d, i, n) Test with Asbestos-Cement Pipe and Internal 
Incrustation, (e, j, o) Test for Cast Iron Pipe 
 
 
In the tests obtained with the 1500 MHz antenna (Figure 3, f to j) better 
detailed shapes are observed than those obtained in the images with the 900 
MHz antenna (Figure 3, k to o). For both antenna configurations the anomaly 
added to the reference test, namely each of the pipes, can be clearly observed. 
For the polyethylene pipe (Figure 3, h and m), it can be seen how the 
shape formed can hardly be distinguished from the surrounding medium. This 
reduced contrast is the result of the pipe dielectric properties similar to those of 
the surrounding medium. This feature can also be observed in the case of the 
PVC pipe, although less so than for polyethylene. This underlines the difficulty 
in visualizing plastic materials in GPR images. 
Moreover, it is clear how regarding metallic elements (Figure 3, j and o), 
the signals are more intense. Lines surrounding the pipe are also observed, 
what even reduces the visualization of the tank walls. 
It can be seen thus, how visual elements are embedded into the 
environment. This clearly hinders their interpretation visually. 
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While it is true that the profiles obtained are likely to be improved, so is 
that they are a good starting point to focus on aspects such as pipeline location 
and classification, and, in general, interpretation of GPR images. 
 
 
Conclusions 
 
This paper proposes correcting the timelines obtained by the algorithm 
proposed by [Ayala-Cabrera et al., 2013.a]. The objective is to improve the 
visualization of WSS components in GPR images. With this correction, the 
visualization of images of pipes buried in dry soil is improved. In general, after 
the application of the proposed system considerable improvement when 
working with visualization and consolidation of characteristics of the pipes in 
the GPR images is achieved. This helps show clearly defined lines, which, in 
turn, can be grouped so that the resulting images approach the proposed 
schematic configurations. 
Finally, it should be noted that this is a simple process that does not 
depend on specialist skills, and is repeatable. The proposed system is efficient 
with computational resources (even in the problematical case of plastic pipes). 
In all the cases, even though the amount of information dealt with is reduced, 
reliability is preserved. Moreover, the proposed method offers the possibility of 
more detailed analysis, and this creates the possibility of better interpretations 
that could serve as a basis for intelligent training systems. This approach would 
help give WSS managers a more accurate vision of the systems they operate 
and, as a result, offer a better service to users. 
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